Introduction
Long-range electron transfer in biological systems is a process of fundamental importance that has prompted considerable theoretical and experimental interest in many laboratories [I] . Structural analysis of electron-transfer complexes can provide valuable information about both the energetics of complex formation and the electron transfer process itself. In the first case, the structure describes the interaction geometry of the protein components, indicating the features of the protein most pertinent for complex formation. In the second, it establishes the relative geometry of the redox centres and provides a detailed description of the intervening medium, both of which might bear on the electronic coupling between the two centres. The structures of very few electron-transfer complexes between weakly associating components have been determined (e.g. cytochrome c-cytochrome c peroxidase [Z] and the methylamine dehydrogenase-amicyanin-cytochrome c
system [3,4]). Flavocytochromes can serve as
good models for such complexes because the donor and acceptor domains or subunits interact in a stable manner enabling structural, mutational and kinetic analyses to be done that can help to define the factors that are important for controlling the electron transfer events. Flavocytochromes contain two cofactors, a flavin (FMN or FAD) and a haem. Each is located on a separate domain or subunit and thus the molecule closely mimics a productive, transAbbreviations used: FCB2, flavocytochrorne b,; FCSD, flavocytochrorne c sulphide dehydrogenase; PCMH, p-cresol methylhydroxylase. ient electron transfer complex between separate partner molecules. During substrate oxidation within the flavoprotein component, two electrons and two protons are transferred from the substrate to the oxidized flavin ring to form the flavin hydroquinone. Reoxidation of the flavin then occurs in two stages. In the first stage the flavin semiquinone is formed after the transfer of one electron to a haem of the cytochrome c component; in the second stage, following reoxidation of that haem, the oxidized flavin is regenerated after transfer of the second electron to the haem group. The crystal structures of three flavocytochromes are known, those of flavocytochrome b2 (FCBZ) [5] , p-cresol methylhydroxylase (PCMH, a flavocytochrome c) [6, 7] and flavocytochrome c sulphide dehydrogenase (FCSD) [8,9].
Background and structural properties

FCB2
FCBZ from Saccharomyces cerevisiue catalyses the oxidation of lactate to pyruvate with the subsequent transfer of two electrons to cytochrome c [lo] . It is located in the intermembrane space of yeast mitochondria and is part of an independent branch of the electron transport chain, involving cytochrome c and cytochrome oxidase, which enables the organism to grow on lactate alone. For the isolated enzyme, the reaction proceeds at a steady-state turnover rate of approx. 100 s-' at saturating levels of i,-lactate and oxidized cytochrome c. Under stopped-flow conditions, flavin reduction occurs with a rate constant of approx. 
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The enzyme is a homotetramer of molecular mass 230 kDa; both cofactors, FMN and haem, are bound non-covalently. Each subunit is composed of two domains. The N-terminal cytochrome domain (11 kDa) 
PCMH
PCMH is a flavocytochrorne c localized in the periplasmic space of several types of pseudomonad [12] . It catalyses the oxidation of p-cresol first to p-hydroxybenzyl alcohol and then to p-hydroxybenzaldehyde. Electrons are passed sequentially to the endogenous cytochrome subunit and then to an exogenous electron acceptor protein, possibly an azurin or another cytochrome [13] . The rate of electron transfer between the flavin and haem in PCMH is greater than 200 s-' [14] .
PCMH is a 116 kDa heterotetramer [15] containing two flavoprotein subunits (48 kDa each) and two cytochrome subunits (9 kDa each) [lo] . The flavoprotein subunit binds FAD covalently through an 8-x-0-tyrosyl linkage. The cytochrome subunit is similar to other small bacterial cytochromes. The flavoprotein subunit consists of a newly discovered FAD-binding motif shared by vanillyl alcohol oxidase [17] and several other homologous proteins [ 181, and contains two domains.
FCSD
FCSD is a periplasmic enzyme found in a number of phototrophic bacteria and in Paincocciis detiiti-$cans that catalyses the reversible conversion of sulphide to elemental sulphur [ 19, 201 . FCSD from Chmatitcm Tiiiosiim is a 67 kDa heterodimer consisting of a 46 kDa flavprotein subunit and a 21 kDa haem cytochrome. The external electron acceptor is probably a cytochrome [21] . The FAD is bound covalently to the flavoprotein subunit via an 8-x-methyl(Scysteiny1)thioether linkage. The redox potentials of the two haems are equal and unusually low ( + 15 mV at pH 7.0), whereas the two-electron redox potential of the flavin is unusually high (-26 mV at pH 7.0) [22] . Intramolecular electron transfer from flavin to haem is quite rapid (more than 10" s-') [23] .
The cytochrome subunit contains two domains; the flavoprotein subunit contains three domains. T h e two cytochrome domains are related by approximate 2-fold symmetry and the subunit structure closely resembles that of the dihaem cytochrome c., from Pseiichiioncts stiitzet-i [24] . The first two domains of the FCSD flavoprotein subunit each contain a flavodoxin-like nucleotide-binding motif [25] and show a high degree of structural similarity to glutathione reductase [26] . The third domain of FCSD provides the interface to the cytochrome subunit. Above the pyrimidine portion of the flavin ring is a disulphide bridge. Trp-391, near the pyrimidine ring, or the cystine disulphide are possibly responsible for a charge-transfer absorbance that is observed in the presence of sulphite [27] .
lnterdomain interactions
FCBZ
The haem and flavin groups are nearly co-planar. The two prosthetic groups are oriented with the haem propionate groups pointing toward the N5-containing edge of the flavin. T h e distance from the iron atom to the centre of the flavin ring is approx. 158, (Figure 1) ; the pyrrole and isoalloxazine rings are separated by approx. 14 8, and the haem propionate to flavin N-5 distance is approx. S8,. The contact surface between the cytochrome domain and the flavin-binding domain is largely hydrophobic, although there are six direct hydrogen bonds, one salt bridge and several water molecules between them. The interaction between the cytochrome and the flavin-binding domains is weak, the interface between them occupying only approx. 400 When the flavoprotein and cytochrome domains are separated by controlled proteolysis they no longer associate with one another [28] .
PCMH
The cytochrome subunit of PCMH is located in an indentation in the flavoprotein surface, with the vinyl-containing edge of the haem in contact with the flavoprotein surface. The haem iron is approx. 18A from the flavin ring and the closest edge-to-edge distance of the haem and flavin rings is approx. 11 8, (Figure 2 ). The benzenoid portion of the isoalloxazine ring is oriented Volume 
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towards the thioether-containing edge of the haem group. T h e flavin and haem planes make an angle of approx. 65" with each other. The flavoprotein-cytochrome interface covers an area of approx. 11.50~' per subunit. There are six hydrogen bonds and one salt bridge linking the two subunits. Approximately half the residues in the interface are hydrophobic and another 30% are neutral hydrophilic. This large interface and strong subunit interaction help to explain the high stability of the complex, which can be resolved only by isoelectric focusing [29] or by denaturation.
FCSD
In the intramolecular electron transfer complex of FCSD, the pyrimidine portion of the FAD lies closest to the haem of the N-terminal cytochrome domain. T h e interface between the flavo- 
Flavin and haem arrangement in FCB2
The distance between the flavin N-5 atom and the haem iron, and the intercofactor edge-to-edge distance, are indicated by broken lines Dotted lines indicate through-space jumps between covalent paths along which electronic coupling seems to be optimized Two such paths, through Tyr-143 and through a water molecule, are shown protein and cytochrome subunits covers a surface area of approx. 1750A' per subunit. The two surfaces are complementary. There are 13 hydrogen bonds, including one salt bridge, connecting the two subunits. This sizable interface and number of interactions might account for the inability of FCSD to be resolved into its subunits without denaturation. The planes of the haem and the flavin rings are inclined by approx. 20" to each other. The smallest distance between the flavin and haem rings is 12.6A (Figure 3) . The iron is separated from the N-5 atom in the flavin ring by 20 A.
Electronic coupling
Empirical calculations
The three flavocytochrome structures allow some analysis of electron transfer theory. Dutton and colleagues [ 301 have found an inverse exponential relationship between electron transfer rates and edge-to-edge distance between redox cofactors within the photosynthetic reaction centre, with a slope (decay factor) of 1.4A-' and an intercept (maximum rate) of lOI3 s-I. We have examined the hypothesis that there is no decay in the electronic coupling between the centre and the edge of both the flavin and haem cofactors in the flavocytochromes by using a simplified formula [31] for electron transfer rates, k,,, within proteins: logk,, = 15-0.6R-3.1(AG+1L)2/1L (1) where R is the distance and AG and 1, are the free energy and the reorganization energy respectively for the reaction. The AG for electron transfer from reduced flavin to oxidized haem is approx. -0.05 V for FCB2 and FCSD. This value is unknown for PCMH but can be estimated from the cytochrome potential (+0.225 V) and the fact that the flavin environment of PCMH is similar to that of FCSD, including covalent attachment at the C-%methyl position; this yields an estimate for AG of -0.275 V. The reorganization energy also is not known for any of the flavocytochromes but is probably similar between them, because the protein environments of their cofactors are similar. Assuming 1, = 1 eV leads to calculated electron transfer rates of 2.5 x lo6, 3 x 10" and 4 x lo4 sP1 respectively for FCB2, PCMH and FCSD when the distance is measured edge-to-edge, and 8 x lo3, 2.5 x 10' and 3 5 -l when the distance is measured from the iron atom to the flavin N-5. The observed lower limits for the electron trans- fer rates of FCB2, PCMH and FCSD are 1.5 x lo', 2 x 10' and 1 x lo6 s-' respectively. Although the observed rates for FCB2 and PCMH are consistent with either assumption, the observed electron transfer rate for FCSD is more compatible with the edge-to-edge distance assumption.
Pathways calculations
Calculation of likely paths for electron flow in FCB2 by using GREENPATH [32] indicates that the most favourable route from the flavin N-5 to the porphyrin plane follows a haem propionate and passes through a water molecule hydrogenbonded between them (Figure 1 ). The next most favourable route is through the hydroxy group of Tyr-143. This latter route has a coupling approx. one-fifth as strong but approx. 5-fold higher than the next lower coupling, which utilizes other nearby side chains. If the route involving the water is ignored, because of the possibilities of variable occupancy or a higher tunnelling barrier, the Tyr-143 route becomes the most important. Mutagenesis of Tyr-143 to Phe decreases the electron transfer rate to the cytochrome to 1/20, although electron transfer to ferricyanide, an artificial electron acceptor, is essentially unchanged [33] . Calculations in which Tyr-143 is replaced by Phe result in a decrease in coupling to onefifth, to about the same level as those of the alternative routes. In PCMH, the most direct pathway for electron transfer from the flavin N5 atom to the haem iron leads through the flavin 8a position and the phenolic ether bond of the covalently bound tyrosine, and then through three other bonds of the phenolic moiety (Figure 2) . After a 3h through-space jump to Ala-49 of the cytochrome, the path follows Met-50 to the haem iron to which it is liganded. Calculations with the program GREENPATH [32] indicate that this is by far the most efficient pathway. If the flavin were not bound covalently to the tyrosine side chain, a second through-space jump of approx.
3 A would be introduced, markedly diminishing the electronic coupling of this path. A nearby phenylalanine side chain in the flavoprotein subunit might also be of importance to the electron transfer. Its aromatic ring lies near the C-8a-methyl of the flavin and is in van der Waals contact with one of the vinyl atoms on pyrrole ring C of the haem group. shown by a heavy line The SG atom of Cys-I 6 I is in van der Waals contact with the flavin C-4a atom h a short link to the haem. It is also adjacent to Cys-337. If the Cys-161-Cys-337 disulphide has a redox-active role in catalysis, as suggested by the sulphite-binding study [27] then this last path might be important.
Conclusions
The interacting surfaces of the domains or subunits of the flavocytochromes are complementary, with convex surfaces on the cytochrome nestled into concave surfaces on the flavoprotein. There is little ionic character to their interaction, there being in each case only a single salt bridge linking the cytochrome-and flavin-binding moieties. The extent of the interface area and/or the number of hydrogen bonds linking the domains or subunits varies with the strength of the interactions between them. FCB2 has the smallest interface (approx. 400 A2) but has six hydrogen bonds and a salt bridge. Its local interactions are weakest, as indicated by the lack of affinity of the isolated domains and the relative mobility of the cytochrome domain observed in the tetramer. Its global stability is provided by the polypeptide linking the two domains. PCMH has a larger interface than FCB2 (approx. 1150 A'), although the same number of intersubunit hydrogen bonds, and can be resolved into its components only by isoelectric focusing. FCSD cannot be resolved without denaturation. Its interface is the largest (approx. 17508,*) and has twice the number of intersubunit links as FCB2 and PCMH, which is consistent with the very tight association of subunits in this complex.
There is considerable variability in the relationship of the flavin and haem in the three flavocytochromes. The angles between the haem and flavin planes are observed at values near 0" (FCB2), 20" (FCSD) and 65" (PCMH), demonstrating that the interplanar angle between redox cofactors can vary substantially in electron-transfer complexes. The three flavocytochrome structures also show that there is variability in the pathway for electron flow through the flavin ring. 
